INTRODUCTION
Almost half of new invasive breast cancer cases diagnosed each year in the United Sates occur among women aged 65 years and older (hereafter referred to as older women), and rates rise with advancing age. 1 With the increasing life expectancy and aging of women in the U.S. and globally, the absolute number of breast cancer cases among older women is expected to increase over the coming decades. These dual demographic and epidemiologic forces, coupled with heterogeneity in health and the lack of direct evidence for screening efficacy among women aged 70 and older, create a clinical and policy conundrum: is there a combination of comorbidity and age when women should stop screening because the harms outweigh the benefits? 2, 3 Age-related differences in comorbidity and tumor biology, variance in women's preferences for health outcomes associated with breast cancer screening, and increasing health care costs add to the challenge in answering this question. [2] [3] [4] [5] [6] [7] [8] Numerous factors including tumor size, involvement of regional lymph nodes, histologic grade, expression of hormone receptors (estrogen and progesterone), and human epidermal growth factor receptor 2 (HER2) amplification are used to determine which women with early-stage breast cancer should be treated with adjuvant systemic therapy, including endocrine therapy, chemotherapy, and HER2-directed treatments. 9 Importantly, older patients with comorbidities often experience complications from virtually all treatment modalities. [10] [11] [12] Although one of the advantages of early diagnosis includes identifying tumors with favorable prognostic markers and risk assessment scores, 9 such benefits may not be realized in older women with substantial comorbidity due to their short life expectancy. 4 The harms of screening are often immediate, and include false-positive results and overdiagnosis. [13] [14] [15] [16] [17] Given the increasing comorbidity burden and attendant decline in life expectancy, many older women are unlikely to have a favorable ratio of benefits and harms. Additionally, rates of clinically indolent invasive tumors and ductal carcinoma in situ (DCIS) increase with age, raising the concern that older women are likely to be harmed from overdiagnosis and unnecessary treatment. 16 Robust evidence regarding the efficacy of screening mammography in older women is lacking because randomized controlled trials have not included women over age 74 years and those with substantial comorbidity. 18 The extent to which benefits and harms of breast cancer screening in older women vary according to comorbidity and age is not well established. To better target health services to those who may benefit, it is important that screening mammography practices in older women incorporate patient factors such as comorbidity and age, which are important predictors of life expectancy. Our purpose here is to report the results of a systematic review of the literature examining the impact of comorbidity and age on screening mammography outcomes in older women. Limitations of previous studies and future directions are also discussed.
METHODS

Search Strategy and Selection Criteria
Our research question was: Do the benefits and harms of screening mammography in older women vary according to comorbidity and age? We performed a systematic search of the literature using PubMed and EMBASE (January 1, 1980, to July 1, 2013) to identify relevant studies in all languages. The term Bbreast neoplasms^was combined with the permutations, variations, and abbreviations of the relevant MeSH keywords and non-MeSH key terms for mammography, age, and comorbidity, including specific conditions (e.g., cardiovascular diseases, cognition disorders, diabetes mellitus, health status, heart diseases, hypertension, myocardial infarction, stroke) or comorbidity summary scores. Severe comorbidity was defined as a Charlson score of ≥ 3 and the presence of AIDS, mild or severe liver disease, chronic obstructive pulmonary disease, chronic renal failure, dementia, or congestive heart failure. A Charlson score of 3 or higher also represents severe comorbidity.
Additional studies were obtained through citations of review articles or by contacting experts in the field regarding any unpublished articles that might be suitable for inclusion in the systematic review.
For each study, two authors (MI and DB) independently abstracted data regarding study eligibility and outcomes to determine relevance. We set a priori broad inclusion criteria permitting any study design, including decision analyses that (i) included women aged 65 and older, (ii) assessed women's comorbidity (either as a specific condition or a summary score), and (iii) reported at least one of the following outcomes: (a) tumor stage at diagnosis, (b) reassurance about negative results, (c) life expectancy and/or quality-adjusted life expectancy, (d) mortality, and (e) number needed to screen to gain one life-year. We also evaluated studies that assessed harms as outcomes, specifically (a) false-positive results, (b) false-positive biopsy, and (c) overdiagnosis. We excluded studies of women with a history of breast cancer.
To evaluate the quality of observational studies, we used the Newcastle-Ottawa Scale (NOS), 19 in which a study is judged within three broad perspectives: (i) the selection of the study groups (representativeness of the exposed cohort, selection of the non-exposed cohort, and ascertainment of the exposure and demonstration that the outcome of interest was present);
(ii) the comparability of the groups (comparability of cohorts on the basis of the design or analysis); and (iii) the ascertainment of either the exposure or outcome of interest (assessment of outcome, whether follow-up was long enough for outcomes to occur, and adequacy of follow-up of cohorts). Whereas a study can receive one star for meeting each criterion (*), the exception is comparability, for which a study receives one star if the study controlled for age, and two stars if the study also controlled for other important factors. Studies with a score of 5 and above (of a total of 9) are considered of moderate to high quality.
The included decision analyses were critically appraised according to criteria outlined by Richardson and Detsky 20 and Justice et al., 21 with modification to include the suggestion of Justice et al. 21 -that models should be assessed for their transportability between populations, and that if valid, they should accurately predict events in populations other than the one in which the model was developed. This appraisal method was previously used in a systematic review of benefits and harms of screening mammography in older women. 22 
RESULTS
We identified 1760 potentially relevant abstracts through EMBASE and 398 through MEDLINE (see PRISMA flowchart in Fig. 1 ). After excluding studies with participants whose average age was less than 65 years, those that did not evaluate breast cancer or mammography screening, those that evaluated outcomes other than benefits or harms of screening, and those that did not report on comorbidity, there were 21 remaining studies published between 1980 and 2013, 3, 15, 17, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] with one article in the process of publication at the time of the literature search, which has since been published. 40 Reviews of the full texts of these studies resulted in the exclusion of 14 studies, 3, 17, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] leaving 7 studies 15, [35] [36] [37] [38] [39] [40] (Fig. 1) . Characteristics of the included studies are shown in Table 1 . All four cohort studies 15, [35] [36] [37] involved U.S. study populations, and all three decision analyses [38] [39] [40] employed U.S.-based population estimates. None of the studies were clinical trials.
Quality Assessment
All four cohort studies scored 5 points or more based on the NOS criteria, indicating moderate to good study quality. 19 A summary of the quality scoring criteria for cohort studies is provided in Table 2 . In all cohort studies, downgrading of the evidence was due to a lack of adjustment for important confounding factors. Table 3 presents a critical appraisal of the decision analyses estimating life expectancy gains from screening mammography in older U.S. women. All decision-analytic studies conducted sensitivity analyses, and used U.S. estimates of prior probabilities, utilities, and other parameters in models, and were considered of good quality.
Estimates of Screening Mammography Benefits from Cohort Studies
Benefit Estimates by Breast Cancer Mortality (Table 4) .
In a study by McPherson et al. 37 reporting on 5186 women aged 65 years and older who were diagnosed with breast cancer between 1986 and 1994 through the Upper Midwest Tumor Registry system, women's comorbidity was assessed via the Charlson Comorbidity Score (CCS). 41 In this study, women aged ≥ 65 with no or moderate comorbidity and mammography-detected tumors were found to be at reduced risk of breast cancer death compared to those with clinically detected (palpable) tumors. 37 Furthermore, among women with severe comorbidity, as defined by a CCS score of ≥ 3, mammography screening was associated with reduced breast cancer mortality among women aged 70-74 years, but not in those aged <70 or >74 years. Flemming et al. 35 and Yasmeen et al. 36 reported on 24
individual conditions and severity-based categorizations of comorbidity, respectively. Yasmeen et al. found that overall rates (per 1000 mammograms) of advanced breast cancer were lower among women with no comorbidity than among those with stable comorbidity in annually and biennially screened women and those that received their first screen. 36 However, among women who had previously undergone mammography within 4 to 18 months of cancer diagnosis, the rates of advanced-stage cancer were higher among those with either stable or unstable comorbidities than among those without comorbidities. 36 In contrast, in another BCSC study, Braithwaite et al. 15 reported that adverse tumor characteristics, including advanced stage, did not differ significantly by CCS or screening interval. 15 Finally, Fleming et al. 35 reported that women with cardiovascular disease, musculoskeletal disorders, mild-to-moderate gastrointestinal disease, and non-malignant benign breast disease had 13, 7, 14, and 24 % lower odds, respectively, of being diagnosed with advanced breast cancer, while those with diabetes, other endocrine disorders, psychiatric disorders, or hematologic disorders had higher odds of advanced-stage diagnosis by 19, 11, 20 , and 19 %, respectively, compared to women without these comorbidities.
Estimates of Screening Mammography Benefits from Decision Analyses
Benefit Estimates by Life Expectancy (Table 4) . Two decision analyses in this systematic review, Mandelblatt et al. 39 and Lansdorp-Vogelaar et al., 40 employed well-established, independently developed models that are part of the Cancer Intervention and Surveillance Modeling Network (CISNET), with each model simulating the life histories of large U.S. cohorts, and assessing the underlying disease in the presence and absence of screening.
In the only contemporary study examining the harms and benefits of stopping mammography according to comorbidity, Lansdorp-Vogelaar et al. compared the number needed to screen per life-year gained at different stopping ages and Comparability has a maximum of two stars. In this review, one star was given if a study controlled for age and two stars if it controlled for other important factors estimated threshold stopping ages according to the level of comorbidity, at which the number needed to screen per lifeyear gained was the same as mammography until age 74 for women of average comorbidity. 40 The authors evaluated biennial mammography screening from age 50 to a cessation age ranging from 66 to 90 by simulating U.S. cohorts of women who were 66-90 years of age and alive in 2010, and had no comorbidity, mild comorbidity (a history of myocardial infarction, acute myocardial infarction, ulcer, or rheumatologic disease), moderate comorbidity (the presence of vascular disease, cardiovascular disease, paralysis, or diabetes), or severe comorbidity (the presence of AIDS, mild or severe liver disease, chronic obstructive pulmonary disease, chronic renal failure, dementia, or congestive heart failure), as well as comparison cohorts of women aged 74 and 76 years with average comorbidity. The authors found that, with breast cancer screening through age 74, the number needed to screen to gain one lifeyear among women with no comorbidity was 117-149 across models, which was lower than in the entire population with average comorbidity; cessation of screening at age 76-78 years among women with no comorbidities was estimated to yield the same number needed to screen to gain one life-year as cessation at age 74 years in the entire population. 40 Finally, this study pointed to the benefits of biennial mammography across models until median ages of 76-78, 74, 70-72, and 64-68 years for women with no comorbidity, mild comorbidity, moderate comorbidity, and severe comorbidity, respectively. 40 In hypothetical cohorts examining the benefits of biennial screening in terms of life-years, Mandelblatt et al. 39 found that long-and short-term quality-adjusted savings in life expectancy from screening compared to a non-screening strategy were greater for older women with mild hypertension than for those with heart disease, and the benefit in both groups decreased with increasing age.
In another decision analysis examining three hypothetical cohorts of women aged 75-79, 80-84, and ≥ 85 years, with and without cognitive impairment, Messecar et al. tested two models for each group, assuming no prior screening versus continued biennial screening. Whereas all older women benefited from biennial mammography screening, among women with no prior screening, the gain in quality-adjusted life-years was lower for cognitively impaired women (20, 9.1, and 5.5 days for ages 75-79, 80-84, and ≥ 80 years, respectively) than their healthy counterparts (43.4, 32.5, and 25.9 days for ages 75-79, 80-84, and ≥ 80 years, respectively). 38 
Estimates of Screening Mammography Harms from Cohort Studies
Harm Estimates by False-Positive Results (Table 4 ). In the only cohort study to evaluate the harms of screening mammography, Braithwaite et al. reported that the 10-year cumulative probability of a false-positive mammography result was higher among annual than biennial screeners, irrespective of comorbidity: 48.0 % (95 % CI 46.1-49.9 %) of annual screeners aged 66 to 74 years had a false-positive result, compared with 29.0 % (95 % CI 28.1-29.9 %) of biennial screeners. >42 months/first screen 
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Estimates of the Harms of Screening Mammography from Decision Analyses
Harm Estimates by False-Positive Results (Table 4 ). In the only decision-analytic study to evaluate the harms of screening, Lansdorp-Vogelaar et al. 40 showed that ending screening at age 74 versus 72 years resulted in 96 more false positive tests and 0.5 more over-diagnoses per 1000 screening tests.
Balance of Benefits Versus Harms from Decision Analyses
Lansdorp-Vogelaar et al. 40 also estimated that extending breast cancer screening from age 72 to 74 years among individuals with average comorbidity required screening 132 to 174 women to gain one life-year; continuing screening until age 76 years required an additional 146-198 women screened to gain one life-year. 40 
DISCUSSION
As life expectancy continues to rise, it becomes increasingly important to determine the harms and benefits of preventive services such as screening mammography in older populations. The continuing controversy of whether to extend screening mammography to older women indicates a need to evaluate the extent to which benefits and harms of screening vary according to the extent and severity of comorbidity and age.
The evidence currently available from both cohort studies and decision-analytic models 19, [57] [58] [59] [60] [61] [62] indicates that, apart from older women with severe comorbidity, women 65 and older may experience improved life expectancy from screening. Because studies in this synthesis were conducted over a long period of time, ranging from the mid-1970s to today, it is possible that outcomes may have been affected by the screening modality used, specifically film-screen versus digital mammography. However, the evidence has shown similar cancer detection rates with digital versus film-screen mammography among U.S. women aged 50-79 in the Breast Cancer Surveillance Consortium cohort. 42 
Comorbidity and Benefits of Screening in Older Women
Evidence points to a complex relationship between comorbidity and screening outcomes such as tumor stage at diagnosis and mortality, with variation linked to multiple patient factors including heterogeneous comorbidity measures, age, and screening intervals. Whereas Yasmeen et al. found that overall rates of advanced breast cancer were generally lower among women with no comorbidity versus those with stable comorbidity, Braithwaite et al. 57 reported that adverse tumor characteristics, including advanced stage, did not differ significantly based on Charlson score or screening interval in the population-based BCSC cohort 57 . Moreover, Fleming et al. 58 reported that the odds of early versus advanced tumor stage varied across individual comorbid conditions, with diabetes and hematologic disorders showing the highest (19 % increased) odds of advanced-stage disease at diagnosis. Finally, . Consistent with observational data, decision-analytic models indicate that benefits were unlikely among women aged 65 years or older with severe comorbidity [60] [61] [62] . Specifically, in a decisionanalytic model, Lansdorp-Vogelaar et al. showed that the benefits of biennial mammography existed across models until median ages of 76-78 years, 74 years, 70-72 years, and 64-68 years for women with no comorbidity, mild comorbidity, moderate comorbidity, and severe comorbidity, respectively.
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Comorbidity and Harms of Screening in Older Women
Overall, there is a dearth of evidence on the harms of screening mammography in older women: only one cohort study 15 and one decision model 40 in this systematic review assessed screening harms according to comorbidity. Braithwaite et al. demonstrated that the cumulative 10-year probability of a false-positive mammography result was approximately twice as high in biennially screened as in annually screened women aged 66 to 74 years, irrespective of comorbidity. 15 While examining one of the hypothetical cohorts, LansdorpVogelaar et al. 40 demonstrated that ending screening at age 74 versus 72 years resulted in 96 more false-positive tests and 0.5 more cases of overdiagnosis per 1000 screening tests. Because rates of clinically indolent tumors and ductal carcinoma in situ (DCIS) increase with age, older women are more likely to be harmed from overdiagnosis, 16 defined as detection of tumors by screening that would not become clinically apparent during a woman's life or would not affect overall survival. Given the steeper rise in competing causes of mortality in women older than 74, evidence suggests that rates of overdiagnosis are likely to be greater for older than for younger women. 16, 43 
Decision Making Regarding Benefits and Harms of Screening in Older Women
Given the limited available evidence, the communication of potential benefits and harms to women in their 70s and 80s also poses a challenge. 4, 17, [44] [45] [46] Clinical decisions among older populations about whether to undergo mammography may benefit from life expectancy-based screening strategies, especially given the evidence showing that screening mammography may not be targeted to the women who are most likely to benefit. 47 One meta-analysis demonstrated that 10.7 years (4.4 to 21.6) on average was required before one death from breast cancer was prevented per 1000 women screened, which supports the notion that screening should be targeted to women with a life expectancy greater than 10 years. 48 If these findings are replicated and confirmed with large-scale cohort data, women and their providers might consider the use of decision aids that accurately predict life expectancy in order to estimate a woman's risk of 10-year mortality and facilitate informed decisions about screening mammography.
49-51
Evidence Gaps
This review has identified many areas related to screening mammography outcomes in older women that require additional research. Without randomized controlled trials, the benefits of continued screening mammography in women aged 75 and older will need to be ascertained from cohort data and simulation models. As noted in the recent Journal of the National Cancer Institute (JNCI) editorial, 52 it will be important to eschew the pseudo-precision that direct application of microsimulation models can offer by combining empirical evidence with modeling. Moreover, moving the field forward will necessitate modeling screening performance (falsepositive rates, detection rates) and breast cancer survival as a function of comorbidity status and life expectancy, as well as the cost-effectiveness of various screening strategies according to comorbidity.
Strengths and Limitations
An important strength of this systematic review is that, to our knowledge, this is the first synthesis evaluating the extent to which benefits and harms of screening mammography vary according to comorbidity and age. It is important to recognize that observational data on screening mammography in older populations are subject to selection bias as well as lead-time and length bias. 5 In observational studies evaluating screening mammography, the study populations of older women have self-selected to undergo mammography screening, and are thus likely healthier than the general U.S. population. Moreover, this systematic review identified heterogeneous studies with differing endpoints, which precluded us from synthesizing our results and estimating effects and bias quantitatively.
Conclusions
In summary, the limited evidence currently available suggests that, apart from the oldest women and those with severe comorbidity, women aged 65 and older may experience a slight increase in life expectancy from screening. Given the potential for harm, it is unclear whether the magnitude of the benefit is sufficient to warrant regular screening. Women, clinicians, and policymakers should consider these factors in deciding whether to continue screening. Because Medicare is required under the Affordable Care Act to pay for yearly mammography screening at no cost to women age ≥ 40, with no upper age limit, 1,2 screening harms may increase among older women with multiple comorbid conditions as a result of inappropriate screening utilization. Given that a randomized controlled trial of mammography in older women is unlikely, more highquality observational research examining innovative measures of life expectancy and contextual factors may facilitate an improved understanding of the benefits and harms of different screening mammography cessation ages and frequencies among older women and, ultimately, inform clinical and policy decisions about the appropriate use of screening in this growing population.
